Abstract-This paper proposes a new rotary transformer topology enabling significant reduction of leakage inductances, improvement of coupling factor and significant improvement of power transfer capability compared to traditional topologies thanks to its interleaved windings and resonant compensation circuits. The proposed rotary transformer features a non-ferrite rotating part made of lightweight strong non-conductive and non-magnetic composite material and a large airgap, allowing safe operation at high rotational speeds. Hence, this novel rotary transformer can enable the adoption of wound rotor synchronous machines for electric or hybrid vehicle traction. The performance of the proposed new topology was evaluated and compared to the conventional one. Significant performance improvement was confirmed.
I. INTRODUCTION
Important global efforts are currently underway to facilitate cost effectiveness of electric machines for electric and hybrid vehicles by reducing or eliminating the use of rare earth materials which have been experiencing significant price increases and volatility. Wound Rotor Synchronous Machine (WRSM) is a very attractive non-permanent magnet -therefore non-rare-earth -option that has one of the best torque/power density compared to other machine topologies [1] (Fig.1) . The major barrier to the adoption of WRSMs for electric vehicle traction is the rotor excitation which traditionally requires a slip-ring and brush system. Slip-rings and brushes constitute a major reliability issue because they wear due to mechanical friction, and produce dust that contaminates the transmission oil used for cooling the motor as well as the motor insulation. These issues are aggravated by the high-speed operation (up to 16,000rpm) of traction motors. Hence, slip-rings and brushes have limited lifetime and require frequent maintenance. Also, they present sparking risk, causing safety issue.
In some applications, like aircraft power generation, an excitation system composed of a permanent magnet generator, another electric generator called exciter, and a rotating rectifier is used to avoid the reliability issue of slip-ring and brush system. Such excitation system with two electric machines is complex, expensive, and too bulky for integration in a vehicle powertrain.
Capacitive coupling has also been proposed as a contactless method to excite the rotor of a WRSM for traction applications. However, capacitive coupling generally requires a large airgap surface area and extremely small airgap length (0.115mm in [2] ) to achieve usable power transfer capability. In [2] , the large surface area was achieved by stacking several rotor and stator plates with an extremely small airgap of 0.115mm between them. Such a large area with an extremely tight airgap poses a mechanical reliability issue when subjected to the mechanical vibration and stress of a vehicle powertrain in operation. In addition, capacitive power transfer requires very high frequency (in the MHz range [2] ) which poses electromagnetic interference challenges. Moreover, the risk of arcing in the capacitive coupler poses a safety concern for a motor that is spray cooled or splashed with transmission oil.
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Rotary transformers allow contactless power transfer to rotating parts of a system [3] , [4] , including rotor windings of electric machines [5] , [6] , [7] . This technology has the potential to enable very cost-effective non-permanent-magnet electric machines like wound rotor synchronous machines for traction applications. This is done by replacing the slip-rings/brushes system traditionally used to power the rotor winding with a rotary transformer and a rotating rectifier. A concept of integration of the rotary transformer and rotating rectifier into a WRSM is presented in Fig. 2 .
Recently, contactless rotor excitation systems using conventional and alternative topologies of rotary transformer have been proposed to excite the rotors of WRSMs for vehicle traction [5] , [6] , [7] . In [5] , General Motors uses a conventional axial gap rotary transformer topology with a very small airgap length of 0.5mm. Such a small airgap requires precision tooling during manufacturing to avoid mechanical reliability concern (rubbing between rotating and stationary parts). This adds cost and may not be profitable for mass production.
The present paper proposes a novel rotary transformer topology to solve the rotor excitation problem of WRSM traction motors (Fig. 3) . The proposed rotary transformer technology has significantly better power transfer capability and a significantly lower centrifugal mechanical stress on the rotating part compared to conventional and current state of the art counterparts. It features (Fig. 4 ):
• Interleaved windings: this allows significant (4X) reduction in leakage inductances and improvement of the coupling factor.
• Composite non-magnetic and non-conductive structural support for rotor winding: this leads to a lightweight rotor and low rotor centrifugal stress.
• Large mechanical airgap: this eliminates the manufacturing tolerance limitation and allows safe high-speed operation. The increase in airgap length is offset by the reduced leakage inductances and improved coupling factor, as well as the resonant compensation circuit (Table 1 ).
In addition, a resonant compensation circuit can be used to significantly increase the power transfer capability of the proposed rotary transformer, enabling a more compact rotary transformer design for ease of integration into the WRSM. The physical size of the resonant capacitors and the associated potential integration challenges are offset by the 2X reduction in the volume of the rotary transformer.
II. PERFORMANCE AND POWER DENSITY OF THE PROPOSED DESIGN AGAINST CONVENTIONAL ONE
In this section, the proposed rotary transformer topology is benchmarked against a conventional axial gap counterpart in terms of performance and power density.
First, the electrical parameters of the two rotary transformers with the same outer dimensions and number of turns in primary and secondary windings were evaluated and compared (Fig.4) . The electrical parameters were identified using open circuit and short circuit transient finite element simulations. They are presented in Table 1 . Because of its large magnetic airgap, the primary and secondary self-inductances of the proposed topology are lower. This leads to a higher magnetizing current and as a result a higher copper loss. However, it should be noted that only a small amount of power covering the ohmic loss in the rotor field winding of the WRSM is transferred through the rotary transformer. Hence, a small increase in the rotary transformer copper loss will have very little to no effect on the overall WRSM motor efficiency. Besides, thanks to the interleaved winding configuration, the total leakage inductance of the proposed topology is 1/4 th the conventional one. Additionally, the coupling factor of the proposed topology is higher than the conventional one despite the significantly larger electromagnetic airgap.
Then, the two rotary transformer topologies were compared for the same output power of 10kW. The two rotary transformers were designed for the same magnetic loading of 0.35T.
Thanks to its large electromagnetic airgap, the proposed rotary transformer topology can take advantage of a resonant compensation circuit to significantly improve its power transfer capability. A simple Series/Series compensation circuit was chosen to facilitate the integration into a WRSM (Fig. 6 ). This compensation circuit also enables a unity power factor operation of the overall excitation system. The dimensions of the two 10kW designs are presented in Fig.5 . The proposed topology is twice more power dense than the conventional one. Table II summarizes the volumes and attributes of the two designs and highlights the advantages of the proposed topology over the conventional one.
2X lower volume.
Non-conductive and non-magnetic composite rotor support to avoid core loss and minimize centrifugal stress. 
III. DESIGN APPROACH
To best explore the design space, a computational program code that models the rotary transformer system for any combination of geometry parameters and any operating conditions is indispensable. The program uses a coupled transient electromagnetic finite element model and electrical circuit model including resonant compensation circuits and a rectifier. The input to the program are the rotary transformer's geometry parameters and operating conditions, and the output are mutual, self and leakage inductances, coupling factor, compensation capacitors, output power, loss, and efficiency. Figure 6 illustrates the parameterized modeling approach.
With a given outer diameter and a rotor field winding resistance of 25 , the dimensions of the winding windows, the thickness and inner diameter of the ferrite core were optimized to reach an output power of 10kW while minimizing the axial length, maximizing the rotary transformer efficiency and keeping the magnetic loading in the ferrite core at reasonable saturation level (below 0.38T for the ferrite material used).
Also, given the very high top speed for traction applications (up to 16,000rpm), several iterations took place between the electromagnetic design and mechanical design until a mechanically viable design with satisfactory electromagnetic performance was reached. Parameterized computational codes for modeling and optimization:
• Input: rotary transformer geometry parameters and operating conditions
• Output: mutual, self and leakage inductances, coupling factor, compensation capacitors, output power, loss, and efficiency The final optimized design is presented in Fig.7 . Since the electrical parameters are needed to calculate the primary and secondary resonant compensation capacitors, they were identified form open-circuit and short-circuit finite element simulations. Fig.7 also presents the electrical parameters, the resonant capacitors and the rotary transformer's performance. The design is capable of transferring 11.3kW with an electromagnetic efficiency of 97%. The final design uses 5X3/28/38 Litz wire based on AWG38 strands to minimize AC loss at the operating frequency of 20kHz. The layout of Litz wire bundles is also shown in Fig.7 . Both the rotor and stator windings have two parallel circuits. The magnetic loading of the final design is presented in Fig.8 : the highest flux density in the ferrite core is 0.37T.
Electrical Circuit Model Electromagnetic Finite Element Model
The fringing high frequency magnetic field in the inner area of the rotary transformer induces eddy currents in the surrounding metallic parts of the assembly including housing, bearing, shaft plates and shaft as shown in Fig. 9 . These eddy current losses were considered during the design process and were key in the determination of the inner radius of the ferrite core. The losses in the bearing and housing are very low and are not likely to produce any overheating. The losses in the shaft and shaft plates are more important and may require active cooling.
Finally, Table III 
IV. MECHANICAL ANALYSIS
Since traction motors can operate at speeds up to 16,000rpm, mechanical stress analysis is a critical part of the design process to make sure that:
1) The composite rotor support material does not break due to centrifugal stress at high speed; 2) Any deformation of the composite rotor support material does not present any risk of rub between the rotor and stator; 3) The shaft does not break under the centrifugal stress applied by the rotor weight at high rotational speed;
The rotor assembly and shaft were designed for safe operation at 16,000rpm. As mentioned in the previous section, several iterations of mechanical stress analyses were conducted at 20,000rpm to accommodate a 25% overspeed margin.
The mechanical stress in the rotor composite plates and the shaft of the final assembly design was evaluated at 20,000rpm and presented in Fig.10 . The stresses in the shaft and in the composite materials are below 86MPa. This is way lower than the tensile strength of the composite material (255MPa) and stainless steel.
Also, the displacement was evaluated and presented in Fig.11 . It shows a maximum displacement of 0.26mm on the outermost surfaces of the rotor composite plates. This is very small compared to the mechanical airgap of 2mm chosen in the final design, hence there is no risk of rub between rotor and stator at top speed. In conclusion, rotor stress and deformation are low enough at top speed to make the rotor design using composite material viable.
V. PROTOTYPES AND TEST BENCH
The goal of the prototypes is to serve as a proof of concept for the proposed novel rotary transformer and to confirm that it is capable of transferring power to the field winding of a WRSM when the rotor is spinning at speeds up to 16,000rpm.
The field winding is emulated with a resistive-inductive load. Since the field winding inductance is high (estimated to be over 1H), its size and weight is significant. Hence, physically spinning the load at very high speed would involve significant mechanical challenges and complicate the design of the test bench. For this reason, it was decided to mount two identical rotary transformers on the same shaft and connect their rotor windings through rotating connections inside the shaft. In this way, it is possible to use a stationary resistiveinductive load. The diagram of a test setup design is presented in Fig.12 . The rotary transformer prototypes and the test bench are currently under construction. The mechanical assembly of the prototypes and test bench is shown in Fig.13 . This test setup was simulated by finite element method with 125 V peak source voltage and 25 Ohms resistive load (Fig. 14) . The primary and secondary self-inductances of a transformer equivalent to the two rotary transformers connected in cascade are needed to determine the primary and secondary resonant capacitors. These parameters were identified from finite element open-circuit simulations on the two rotary transformers connected in cascade.
A power of 12 kW was transferred through the two rotary transformers to the load (Fig. 15) . This is more than sufficient to power the field excitation of wound rotor synchronous traction motors [5] , [6] . Figure 16 shows the waveforms of the input voltage and current. These waveforms indicate that the input power factor is practically unity thanks to the seriesseries resonant compensation circuit. Figure 17 shows the voltage waveforms at different locations in the system. It indicates a significant voltage gain from the resonant compensation circuit. The current waveforms are shown in Fig.18 . 
VI. CONCLUSION
The proposed rotary transformer topology has 1/4 th the leakage inductance of the baseline conventional design as well as a better coupling factor despite the increase in magnetic airgap length. Further, the power transfer capability of the innovative design is 2X higher than the conventional one, thanks to a resonant compensation circuit. High speed operation within a traction powertrain is enabled thanks to a large mechanical airgap and the use of strong and lightweight composite material for the rotating part. This high-temperature capable material has the advantage of being non-magnetic and non-conductive and was chosen to avoid eddy current losses from the high frequency magnetic field.
The design approach, including electromagnetic and mechanical analyses, was described. Calculation of stray eddy current losses in surrounding metallic parts was presented. Mechanical stress analysis was performed and confirmed the viability of the rotor design at 16,000rpm. The design of the prototypes and test bench is completed. The prototypes and the test bench are currently being constructed. Finite element simulation of the prototype test bench has confirmed a power transfer capability of 12kW, which is more than sufficient to power the rotor winding of a wound rotor synchronous traction motor.
